The photosynthetic apparatus of the facultative photosynthetic bacterium Chloroflexus aurantiacus has been thoroughly described over the past several years. More recently, studies have been undertaken to elucidate the genetic control of development by light and 02 tension of the synthesis of pigments and proteins of the photochemical membrane systems of C. aurantiacus and the purple bacterium Rhodopseudomonas sphaeroides (3, 4, 7, 12) . The components of secondary electron transport in C. aurantiacus have also been studied but are less defined than those of the purple bacterial systems. Wynn et al. (16) have used the ability of Chromatium vinosum to grow aerobically in darkness (8) and noted differences in secondary electron transport components (viz. cytochromes) from the cells grown anaerobically in light. More recently, Pierson (10) reported that the cytochrome composition of dark-grown C. aurantiacus differed significantly from that of light-grown cells. The cytoplasmic membrane (CM) of C. aurantiacus contains an antenna pigment-protein, a reaction center, and cyclic electron transport components (two quinones, a cytochrome C554, and possibly a cytochrome b-cytochrome c complex) similar to those of the purple bacteria (2, 6, 13, 17) . This organism also contains the nonmembranous antenna chlorosome, containing bacteriochlorophyll, (BChl) c, characteristic of all green bacteria (11) . These two distinct photosynthetic systems (membrane and chlorosome) and their functional components are both absent in dark-grown aerobic cells. Studies of both the genetic control of development and assembly of the chlorosome antenna and the CM-associated reaction center-antenna-electron transport complex have been undertaken in C. aurantiacus by using oxygen tension to induce photosynthetic development in dark-grown cells (7, 12) . The development of the chlorosome polypeptide components and of the CM-associated reaction center has been studied. These two structurally distinct systems seem to be under independent genetic control.
Based on immunological evidence, initial results indicate that the chlorosome protein components are transcribed and translated under dark aerobic growth conditions as a single polyprotein precursor and that then they may be processed at low-oxygen partial pressure, or anaerobically in the light, to form the mature functional chlorosome protein constitu-* Corresponding author.
ents. The CM-associated reaction center component, on the other hand, does not follow the same kinetic pattern of development (12) . The genetic system for control of the development of CM photosynthetic components (reaction center, antenna BChl a, menaquinone, and cytochrome C554) has not been studied in C. aurantiacus but may be similar to that of the reaction center in Rhodopseudomonas capsulata demonstrated by Clark et al. (4) . They have shown that low-02 tension directly affects the rate of transcription of mRNA coding for the reaction center and for its mature pigment-binding proteins.
The work presented in this study was designed to define more precisely the relationships among oxygen concentration, the induction of BChl c synthesis, and the assembly of the antenna-reaction center system (14) . In addition, we show that, during membrane assembly, the cytochrome C554, which functions in cyclic electron flow as the electron donor to P865+, is also under the developmental control of lowoxygen partial pressure.
MATERIALS AND METHODS
Adaptation to the dark. C. aurantiacus J-10-fl was grown anaerobically in the light as described previously (14) . Cultures partially adapted to the dark were maintained in cotton-stoppered flasks at 55°C with gentle shaking. Full adaptation to the dark was achieved by increasing aeration with a fine-porosity gas dispersion tube rather than by shaking. The culture bottle was covered with a black plastic hood, and all transfers were done under minimal green light. Serial transfers were performed with a sterile syringe through sampling tubes in the culture bottles. Such cultures show a complete absence of BChl components (see Results).
Low-oxygen-concentration-induced shift. Cells fully adapted to the dark were used to inoculate a 10-liter volume in a 14-liter New Brunswick Scientific Co. fermentor. The culture was grown at 55°C in darkness, stirred at 100 rpm, and aerated at a rate of 2 Dissolved oxygen concentration and respiration rate measurements. Oxygen concentrations were determined with a Yellow Springs Instrument Co. model 5301 oxygen electrode apparatus, thermostated at 55°C. The electrode was allowed to stabilize at this temperature before measurements were made. The culture in the fermentor was then sampled by quickly drawing 25 ml into a prewarmed syringe through a serum stopper on a short side arm in the sampling tube. Withdrawal time was used as time zero. The sample was rapidly injected into the electrode chamber, completely replacing the medium. The respiration rate was then determined from the slope of the recorder trace. This procedure enabled respiration to be measured at approximately the same oxygen level as was in the fermentor when the sample was drawn. Since the chamber was completely filled with sample, extrapolating the recorder trace back to time zero also gives the oxygen level in the fermentor at that particular time. The oxygen levels remained close to saturation until a shift was induced by shutting off the air supply or until the cell density reached a point at which oxygen demand began to exceed oxygen availability. These extrapolated values were used for the ordinate in Fig. 1A .
BChl. BChls a and c were determined in 500-ml samples from the fermentor. The cells were collected by centrifugation for 10 min at 15,000 x g, washed with cold 10 mM Tris chloride (pH 8.3), and suspended in Tris buffer to 5.0 ml. The cells were then disrupted by sonication for 2 min in four 30-s bursts. After addition of 1.5 mM phenylmethylsulfonyl fluoride, the sample was centrifuged for 30 min at 25,000 x g. The absorption spectrum of the supematant solution was determined on a Cary 219 spectrophotometer and stored on a computer disk. This allowed measurements to lo-absorbance units. In vivo absorption coefficients for BChls a and c were calculated by comparing the absorbances of a sonicated sample with those of a methanol extract of the same sample.
Electrophoresis. Polyacrylamide gel electrophoresis was carried out essentially as described by Laemmli (9) . The gels were stained for heme compounds by the method of Thomas et al. (15), then bleached, and finally stained for protein.
Protein. Total cell protein was determined by the method of Peterson, modified as previously described (6) .
RESULTS
Induction of BChl synthesis. BChl synthesis was induced in dark-grown aerobic C. aurantiacus by lowering the available oxygen supply (see Methods section). Changes in the concentration of dissolved oxygen available to the respiring cells were monitored to define more precisely how oxygen concentration affects the kinetics of BChl induction. When the air flow to the culture was shut off, the bacterial respiration rapidly depleted the oxygen concentration of the culture to near zero, usually within 20 to 30 min (Fig. 1A) . However, the specific respiration rate (nmol of 02/min per mg of protein) did not begin to decrease rapidly until the 02 concentration had fallen below 25 to 50 ,uM. When any given sample from the culture was allowed to respire until the oxygen was exhausted, the specific respiration rate remained linear until the oxygen concentration was less than 1 ,uM (data not shown). Thus, the decline in the specific respiration rate which began at 25 to 50 ,uM 02 (Fig. 1A) does not seem to have resulted from oxygen being rate limiting to the respiratory chain. Therefore, for BChl-induction experiments, the aeration was discontinued until the 02 concentration fell below 50 ,uM. Aeration was then resumed at a slow rate and adjusted periodically to maintain the 02 concentration between 50 and 1 ,uM to provide a respiratory source of energy for the induction process.
An increase in BChl content could be detected as early as 1 h after the aeration was reduced (Fig. 1B) . The content of both BChl a and BChl c rose rapidly thereafter for the next several hours, and the BChl c/BChl a ratio remained relatively constant. There was little change in growth rate before or after the aeration was reduced (Fig. 1C) .
The fact that BChl formation began almost immediately after the oxygen level was reduced and that it did not require an oxygen level which depresses the respiration rate prompted us to reevaluate our procedure for maintaining stock dark-adapted cultures. It seems possible that with only gentle shaking the respiration of the culture might depress its own 02 concentration enough to induce some initial BChl synthesis; therefore, induction experiments would be initiated with an inoculum which already had BChl-containing cells in it. The inset to Fig. 2 shows that this was in fact the case. The top spectrum was obtained from a culture which J. BACTERIOL.
on August 27, 2017 by guest http://jb.asm.org/ Downloaded from had been inoculated with a stock dark-adapted culture and grown overnight. Both BChl a and BChl c are clearly present. Accordingly, the experimental procedure was modified to ensure an aeration rate sufficient to prevent any BChl synthesis. Stock cultures were aerated with gas dispersion tubes rather than by shaking, and a fritted glass disk was installed in the fermentor to increase the gas diffusion rate. Steps were also taken to minimize exposure of the culture to light by carrying out serial transfers of stock cultures under minimal green illumination and by inoculating the fermentor in darkness.
The effect of these changes in procedure is shown in the other two spectra in the inset to Fig. 2 . The culture, the spectrum of which is shown at the top, was inoculated into fresh medium and grown for 24 h in total darkness. Its BChl content (middle spectrum) decreased over 90%. After it was transferred and grown for another 24 h, no BChl was detected spectrophotometrically (bottom spectrum), even on an expanded absorbance scale. More efficient aeration also increased the respiratory growth rate by as much as 50% in both the adapting cultures and those in the fermentor.
Such totally dark-adapted, BChl-free cultures were thereafter routinely used to inoculate fermentors for low-02-concentration induction experiments. However, traces of BChl (clearly evident on an expanded scale) were already present in the fermentor-grown cells by the time the aeration rate was reduced ( Fig. 2 ; zero time spectrum). The more efficient aeration of the fermentor had increased the growth rate so that after 12 to 18 h of growth the cell density had already reached the point at which the culture was no longer fully saturated with oxygen because of the increased respiratory 02 demand. Subsequent experience with these totally dark-adapted cultures has served to underline the critical importance of adequate aeration in these development stud-
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Induction of cytochrome C554 in dark-grown C. aurantiacus. Samples of sonicated cell suspensions were treated with sodium dodecyl sulfate briefly at room temperature, then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 4°C. The gel was then stained for heme. Lanes: C to G, samples from an experiment similar to that shown in Fig. 2 concentration near 180 ,uM is apparently necessary to completely repress BChl synthesis in this organism. More severe oxygen stress is apparently necessary to lower the respiration rate, suggesting that an 02 level yielding a depressed respiration rate does not of itself seem to be the critical causative factor in the induction of BChl synthesis. rate is the same as was obtained in fully aerated dark-grown respiratory cells (Fig. 1A) . This suggests that the respiratory aptation to the pathway is a constant component of C. aurantiacus, underis. Inset: ---, going little change as the cells adapt to phototrophic or ilture and grown aerobic growth conditions. To examine this possibility, gas dispersion samples of the sonicates used for the spectra in Fig. 2 were --, initial culture subjected to sodium dodecyl sulfate-polyacrylamide gel elecransferred again trophoresis, and the gel was stained for heme compounds 5 X. Main figure, (Fig. 3) . Several heme-containing bands are evident. One n) was used to band at 36 kilodaltons is present in all samples (lanes C to G). I t 0 h (air turned It is also present in a sample of totally dark-adapted cells --samples 4 (lane B). In contrast, a band at 43 kilodaltons is not visible in ctrum has been the sample taken from dark-grown cells before inducing BChl synthesis (Fig. 3, lane C) (2), and is designated cytochrome C554 on the basis of reduced minus oxidized absorption spectra. These investigators have shown that C554 is membrane bound and that it is the primary electron donor to P865+ in C.
aurantiacus. This purified cytochrome C554 (lane A) was used to preliminarily identify the 43-kilodalton inducible band (lanes E to H) and was subsequently identified as cytochrome C554 by immunoblot analysis with antibody prepared against the purified cytochrome C554. The heme-stained band at 93 kilodaltons, which also is induced by low 02 concentration, was shown to cross-react with anti-c554 antibody. However, when less protein was loaded on the gel this band was not present on the immunoblots, so it presumably represents an aggregate of the cytochrome C554. Cells grown at both high and low light levels yielded C554 bands of equal intensity. These results are consistent with cytochrome C554 being a specific functional component of the photosynthetic electron transport system, induced by low oxygen concentrations along with other components of the photosynthetic apparatus.
DISCUSSION
This work has demonstrated that reducing the molecular oxygen level alone is sufficient to induce synthesis of the photosynthetic apparatus components in C. aurantiacus. The induction process occurs in the complete absence of light and in cells that are devoid of BChl pigments. Furthermore, oxygen necessary for the induction of the photosynthetic apparatus is required at a level which does not depress cellular respiration rates. Thus, the sole signal required for photosynthetic apparatus induction is a critical concentration of molecular oxygen which operates in darkness, in the absence of BChl, and independently of the 02 requirements for cellular respiration. The nature of the oxygen control mechanism is unknown, but on the basis of results presented here it seems to be closely related to the level of molecular oxygen available to the cell. Since either light or oxygen levels can control the expression of photosynthetic phenotypes, changes in the redox level of membrane components might be a common underlying mechanism of induction.
The absorption spectra used for calculating BChl content were determined with aqueous sonicated cell suspensions rather than with organic solvent extracts. They show the characteristic peaks of the BChl c-protein complex at 740 nm and those of membrane-bound reaction center and antenna BChl a at 802 to 805 and 865 nm (1, 6) . We saw no spectral evidence of BChl monomers, and the bulk of the absorbing material sedimented upon high-speed centrifugation, so it seems more likely that the BChl is bound to the membrane. If the earliest detectable pigment occuring after low-oxygenconcentration induction appears in membrane-bound form, it follows that assembly of the functional pigment-protein complexes of the photosynthetic apparatus begins simultaneously with induction of BChl.
In C. aurantiacus, the synthesis of cytochrome C554 iS inducible by low-02 tension with kinetics similar to those of BChls a and c. As in the induction of BChls a and c, oxygen appears to be the only signal needed and acts in the absence of light and BChl and at a level which does not affect cellular respiration rates. Thus, for phototrophic growth C. aurantiacus synthesizes and apparently requires an additional membrane-bound cytochrome component which is not required for respiration. This additional cytochrome could account for the increased content of c-type cytochromes in light-grown cells observed by Pierson (10) .
The availability of three inducible photosynthetic membrane and four inducible chlorosome gene products in the green bacterium C. aurantiacus offers an unusual opportunity to analyze the molecular genetics of development in this rather complex photosynthetic system (6) . The antennaBChl c-chlorosome complex, which is induced by lowoxygen tension, is apparently assembled by posttranslational protein processing (7, 12) . Synthesis of BChls a and c, the reaction center, the BChl a antenna (P865, B808 to B865), and, as this study demonstrates, cytochrome c554, iS also under coordinate control of oxygen, but at a different genetic level, possibly transcription, as has been demonstrated for reaction center genes in the purple bacteria (4).
